The molecular mechanisms regulating caste determination and reproductive division of labor, the hallmarks of insect societies, are poorly defined. The identification of key genes involved in these developmentally important processes will be essential to gain a better understanding of the mechanisms controlling one of the most impressive examples of polyphenism, the caste structure of eusocial species. Here, we applied representational difference analysis of cDNAs, to study differential gene expression between queens (female neotenics) and workers in the dry wood termite Cryptotermes cynocephalus and identified 13 genes that were highly expressed in queens. In addition, we partially cloned several homologous genes of the related termite species Cryptotermes secundus and compared the expression profiles of 10 homologous genes. In most cases, the preferential expression in female neotenics was not conserved between species, despite the close phylogenetic relationship of both Cryptotermes species. It is possible that these genes are associated with known species-specific differences in caste development modes. Only three genes (Neofem1, 2, and 3) showed a conserved and highly preferential expression in female neotenics, suggesting that their products may play important roles in female reproductives, in particular in controlling caste determination and reproductive division of labor.
Introduction
Termites have emerged as model organisms to study various aspects of social behavior. One field that has attracted increasing attention during recent years is the molecular basis for division of labor and caste determination in termites (Miura et al. 1999; Scharf et al. 2003 Scharf et al. , 2005 Hojo et al. 2005; Koshikawa et al. 2005; Cornette et al. 2006; Zhou, Song, et al. 2006; Weil et al. 2007; Zhou et al. 2007 ). Especially, wood-dwelling termites (also called one-piece nesting termites; Abe 1987) show a high developmental flexibility of the worker caste that are actually large immatures (Noirot 1990; Roisin 2000; Korb and Katrantzis 2004; Korb 2007 ) (also called ''pseudergates'' or ''false workers''; for convenience, we call them ''workers'' hereafter) and which are therefore good models to study the regulatory mechanisms of caste differentiation in social insects. Recent evidence supports the long-standing hypotheses that wood nesting associated with a flexible development is the ancestral life type in termite evolution, probably inherited from the common ancestor of termites and their sister taxon, the woodroaches (Cryptocercidae) (Inward et al. 2007; Korb 2007) . Thus, the mechanisms underlying caste differentiation and reproductive division of labor in these species might provide important insights into the molecular building blocks of termite's social evolution.
Our group has studied the ultimate causes of caste differentiation in the wood-dwelling termite Cryptotermes secundus (Kalotermitidae) (Korb and Lenz 2004; Korb and Schmidinger 2004; Korb and Fuchs 2006; Korb and Schneider 2007) . As with other lower termites, Cryptotermes workers are ontogenetically totipotent immatures that can develop into 1) sterile soldiers, 2) winged dispersing sexuals that found a new colony, or 3) neotenic replacement reproductives (hereafter ''neotenics'') that inherit the natal breeding position without dispersal (Roisin 2000; Korb and Katrantzis 2004) . The evolutionary development of neotenics is proposed to be a crucial step in termites' evolution of social life (Myles 1988; Korb and Hartfelder 2008) ; however, the proximate mechanisms that drive the reproductive division of labor between neotenics and workers are largely unknown. In wood-dwelling termites of the genus Cryptotermes, two prototypic modes of neotenic development are common (Lenz et al. 1985) . For example, in C. secundus, a dead reproductive is replaced by a single worker of the same sex that develops into a neotenic. The second mode is represented by the pest species Cryptotermes cynocephalus, where several workers become neotenics and fight among each other over the breeding position until one pair of neotenics is left.
Comparative studies in closely related species might aid to define important (evolutionarily conserved) mechanisms of caste differentiation. On the molecular level, such analyses are rare in social insects (Sen Sarma et al. 2007 ). To address the mechanisms controlling differentiation of reproductive castes, we performed a cross-species comparison of queen-specific gene expression in the two closely related species, C. secundus and C. cynocephalus (Thompson et al. 2000) (fig. 1 ). As previously done with C. secundus (Weil et al. 2007 ), we applied representational difference analysis (RDA) of cDNAs on C. cynocephalus to identify genes that are differentially expressed between female neotenics and workers. Then, using 3#-Rapid Amplification of cDNA ends (3#RACE), the differentially regulated genes identified in this species were also cloned for C. secundus. Vice versa, a set of differentially regulated genes isolated in a previous study on C. secundus (Weil et al. 2007 ) was cloned from C. cynocephalus. To validate differential expression patterns for these genes in both species, quantitative reverse transcription polymerase chain reaction (RT-PCR) was used for three different castes (female neotenics, male neotenics, and workers).
Our study identified not only several genes that showed a conserved neotenic-specific expression profile in both species, but also an even larger number of genes that were overexpressed in neotenics of only one species.
Whereas the former represent candidates that might be involved in reproductive caste determination in general (division of labor), the latter may account for the species-specific differences in the mode of their development.
Materials and Methods Termites
Termite colonies of the pest species C. cynocephalus were collected in dry wood of diverse origins (infested furniture, wooden slats, and trees) in Bukit Badong and Kuantan (Selangor and Panang, Malaysia). Colonies of C. secundus were collected in mangroves around Darwin (NT, Australia). Colony rearing and the generation of neotenics were performed as previously described for C. secundus (Korb and Schmidinger 2004; Weil et al. 2007 ). The environmental conditions were identical for both species studied. The sex of the neotenics was determined by their sex-specific morphology as described by Grassé (1982) . Sex determination of workers is difficult due to their undifferentiated immature morphology and requires extended handling (which might affect RNA quality and composition). Therefore, worker samples comprised a mixture of both genders and several instars.
RNA Preparation
Total RNA from different castes and developmental instars was prepared using the RNAwiz solution (Ambion, Austin, TX). Poly(A) mRNA was enriched using the MicroPoly(A)Purist Kit (Ambion) according to the manufacturer's recommendations. RNA purity and integrity were checked by agarose gel electrophoresis and by UV-Vis spectrometry.
RDA Analysis
RDA for C. cynocephalus was performed essentially as described (Weil et al. 2007 ). In brief, double-stranded cDNA was prepared by reverse transcription of 1.5-2 lg poly(A) mRNA using the Universal Riboclone cDNA Synthesis System (Promega, Madison, WI). The driver representation consisted of cDNA generated from the pooled mRNA of 24 C. cynocephalus workers. This representation was subtracted from tester cDNA representation of the mRNA repertoire of 19 C. cynocephalus female neotenics. After three rounds of subtraction (driver excess: 50Â, 400Â, and 10,000Â in successive rounds) and amplification, the entire third difference product was gel extracted and ''shotgun'' cloned into the BamHI restriction site of the pZErO-2 vector (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. To check for specificity of the difference product, inserts of arbitrarily picked clones were PCR amplified from single bacterial colonies utilizing vector-specific primers. The PCR products were denatured and blotted in duplicates on two separate nylon membranes (Magna NT, 0.22 lm; MSI, Westboro, MA) using a vacuum dot blot manifold (Schleicher und Schuell, Dassel, Germany). After UV-cross-linking, one blot was hybridized to the driver (worker), the other blot to the tester (female neotenics) cDNA representation, which had been labeled radioactively with Klenow fragment (Roche Biochemicals, Mannheim, Germany) according to standard protocols. Membranes were washed for 5 min in a buffer containing 2Â saline-sodium citrate (SSC), 0.1% sodium dodecyl sulfate (SDS), and for 20 min each in buffer containing 1Â SSC, 0.1% SDS, or 0.1Â SSC, 0.1% SDS at room temperature, followed by a final wash for 30 min at 50°C in 0.1Â SSC, 1% SDS. Subsequently, membranes were exposed to a Storage Phosphor Screen overnight, scanned on a Typhoon 9200 Variable Mode Imager (Amersham Pharmacia, Piscataway, NJ), and analyzed using ImageQuant TL analysis software (Amersham Pharmacia).
RNA Ligase-Mediated 3#RACE-PCR Corresponding 3#-ends of the identified RDA fragments were obtained using 3#RACE (FirstChoice RLM-RACE Kit, Ambion). The outer and inner primers for nested amplification of female neotenic-specific (Neofem) genes were derived from gene-specific PCR fragments obtained during the RDAs for C. cynocephalus (Neofem2, 3, and 6-16) and C. secundus (Neofem1-5, Weil et al. 2007) . Primer sequences are given in supplementary table 1, Supplementary Material online. PCR products were cloned into pCR2.1-TOPO vector (TOPO Cloning Kit, Invitrogen), and inserts from several individual plasmidcontaining bacterial colonies were sequenced (GENEART, Regensburg, Germany and Macrogen, Seoul, Korea).
Quantitative RT-PCR Primers were designed using the PerlPrimer software (Marshall 2004) Germany) using the QuantiTect SYBR green PCR Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Melting curves were analyzed to control for specificity of the PCR reactions. Expression data for genes were normalized for expression of the 18S rRNA gene. The suitability of this reference gene was previously evaluated using the BestKeeper software (Pfaffl et al. 2004; Weil et al. 2007 ). Relative units were calculated from a standard curve plotting three different concentrations of log dilutions against the PCR cycle number (CP) at which the measured fluorescence intensity reached a fixed value. Values represent mean ± standard deviation (SD) of at least three independent experiments, whereby an experiment consisted of triplicate runs for at least three independent RNA preparations per gene and ''caste'' (female neotenics, male neotenics, and workers of both sexes). In the case of the worker caste, an independent RNA preparation consisted of a minimum of three pooled individuals from the same colony.
Sequence Analysis
Alignments were performed using the software Gene Runner Version 3.05 (Hastings Software Inc., Hastings on Hudson, NY) and BioEdit Version 7.0.1 (Tom Hall Isis Pharmaceuticals, Inc., Carlsbad, CA). BlastX database searches were conducted to establish cDNA clone identity. Pfam searches (Finn et al. 2006 ) of the corresponding protein sequences were performed to find common protein domains and families. To determine the level of conservation of orthologous nucleotide sequences within the studied species, all indels, transitions, and transversions were counted, and differences were expressed as percentage values (supplementary table 2, Supplementary Material online). Nucleotide sequences were submitted to GenBank (GeneBank: EU546144-EU546164).
Statistical Analyses
To evaluate expression patterns (qRT-PCR data) oneway analyses of variance (ANOVA) were performed separately for each gene of both species using ''caste'' (female neotenic, male neotenic, and workers) as fixed factor. To reveal pairwise differences, Tukey posthoc honestly significant difference (HSD) tests were applied. Significance values are given in figures 2-4 and supplementary table 3, Supplementary Material online. All statistical analyses were performed using SPSS 15.0 (SPSS Inc, Chicago, IL).
Results

Identification of Transcripts Overrepresented in Female Neotenics of C. cynocephalus
To identify genes that are specifically expressed in female neotenics of the dry wood termite C. cynocephalus, we performed a cDNA-RDA using female neotenics as tester cDNA and workers of both sexes as driver cDNA. Although gene expression in workers is likely to change considerably during developmental progresses, and is expected to change with instars, the use of mixed worker representations should increase the likelihood of identifying neotenic-specific genes. The difference product of the third RDA round was shotgun cloned and 86 arbitrarily picked clones were sequenced and validated using reverse dot blot hybridization. Sequences of 18 fragments either revealed no significant BlastX match (10 fragments) or were most likely of nontermite origin (8 fragments) and therefore excluded from further analyses. Sequences of 68 fragments with highly specific signals in reverse dot blot hybridization were most likely derived from termites. Forty-six fragments were homologous to two genes that were previously identified in C. secundus using a similar screen (Weil et al. 2007 ) representing a gene belonging to the family of glycosyl hydrolases (Neofem2) and a vitellogenin homolog (Neofem3). In addition, we found 22 fragments belonging to 11 independent sequence units that were named Neofem6-Neofem16 (table 1) . Additional sequence information for individual fragments was obtained by 3#-RACE-PCR, confirming the initial assignment of the identified fragments to 11 independent and novel genes that were not previously characterized in Cryptotermes. Table 1 summarizes the sequence characteristics of all identified genes.
Species-Specific Analyses of the Relative Expression of Neofem Genes
The dry wood termite species C. cynocephalus and C. secundus are closely related (see fig. 1 ). It was therefore surprising that only two of the five previously identified neotenic-specific C. secundus genes were also discovered in our C. cynocephalus screen. To validate our RDA approach and to compare the relative expression of differentially regulated Neofem1-5 genes known of C. secundus (Weil et al. 2007) in both Cryptotermes species, we used PCR-based cloning to obtain sequences for orthologous genes in C. cynocephalus. mRNA expression analyses were performed using quantitative RT-PCR for all successfully cloned genes (Neofem1-4) in RNA samples derived from different termite ''castes'' (female neotenics, male neotenics, and workers). As shown in figure 2, expression profiles of the analyzed Neofem genes were largely consistent with the RDA results (see also supplementary table 3, Supplementary Material online). Neofem1, 2, and 3 genes were highly overexpressed neotenics in C. cynocephalus and C. secundus. Reasons for the absence of Neofem1 fragments in our RDA-screen are unclear but may be explained by a possible absence of DpnII restriction sites in the C. cynocephalus sequence. In contrast to Neofem1, 2, and 3 genes, Neofem4, which was overexpressed in female neotenics of C. secundus, did not show a differential expression in workers and neotenics of C. cynocephalus.
For the remaining 11 novel C. cynocephalus genes, we also made efforts to clone corresponding 3#-ends of C. secundus genes to be able to compare their relative expression in workers and neotenics. For six Neofem genes (Neofem6-11), orthologous sequences were obtained for the sibling species. As expected, transcript sequences of both species generally showed a high level of conservation (see supplementary online). Although we tested a number of primer combinations, we were unable to obtain orthologous sequence information for Neofem12-16. One possibility is that the corresponding orthologues are missing in C. secundus. It is also possible that the PCR-based cloning strategy did not succeed because the degree of homology in corresponding C. secundus sequences is too low or because multiple homologous sequences exist (e.g., in the case of zinc finger containing Neofem15 and 16). Quantitative RT-PCR revealed that all novel C. cynocephalus Neofem genes-with the exception of Neofem6 and 16-met the selection criteria of their initial RDA-their expression was significantly higher in female neotenics as compared with workers (figs. 2-4 and supplementary table 3, Supplementary Material online). The upregulation of Neofem7-11 genes in female neotenics was exclusively detected in C. cynocephalus and not in C. secundus (see fig. 3 ). Neofem6 was significantly higher expressed in female neotenics than workers of C. secundus, but in C. cynocephalus, this difference in expression was not significant, although Neofem6 was initially detected in the C. cynocephalus screen.
In male neotenics, expression levels of orthologous genes appeared largely conserved with two exceptions. The Neofem4 gene (see fig. 2 ) was expressed at similar levels in male and female neotenics of C. cynocephalus, whereas it appears downregulated in male neotenics of C. secundus. The vitellogenin homolog (Neofem3) was higher expressed in female neotenic than male neotenics in C. cynocephalus but in C. secundus no difference in expression levels was found between both sexes of neotenics.
Discussion
The limited publicly available information on genome or cDNA sequences of dry wood termites (Kalotermitidae) restricts the number of possible screening techniques for differential gene expression analysis. We chose to compare termite castes using the RDA of cDNA (cDNA-RDA) approach because it identifies large expression differences, does not require sequence knowledge and requires relatively small amounts of mRNA (Hubank and Schatz 1999) . Thereby, we were able to isolate a number of genes that show preferential expression in female neotenics.
Genes Upregulated in Female Neotenics of Both Species
It is conceivable that genes playing a crucial role specifically in neotenics are conserved and, therefore, expressed in a similar manner in female neotenics of two closely related species. We identified three genes with such an expression pattern (Neofem1-3). Neofem1 and Neofem2, putative esterase-lipase and b-glycosidase homologs, respectively, were highly overexpressed in female neotenics and are likely to be important female reproductive specific genes in wood-dwelling, lower termites. As previously discussed (Weil et al. 2007 ), both genes might be involved in the processing of (yet unknown) pheromones. In social insects, the shift among tasks can be accompanied by a shift of individuals' receptiveness to certain signals (Wilson 2006; Smith et al. 2008) , like, for example, pheromones. The biochemistry of an insect's odor detection requires the involvement of odorant-binding proteins and odorant-degrading enzymes (Ishida and Leal 2002; Bohbot and Vogt 2005) . Along these lines, Neofem1 homologs include a putative odorant degrading esterase of the silk moth antenna (Claudianos et al. 2006; Weil et al. 2007 ) and Neofem2 is homologous to a gender-specific surface protein of male cockroaches, which seems to attract females (Cornette et al. 2003) . In addition, a recent study identified   FIG. 2. -Relative expression levels of Neofem1-5 genes in different castes. Expression levels of the indicated genes were determined by qRT-PCR for female neotenics (NF), male neotenics (NM), and workers (W) of both sexes. Results were normalized to 18S expression. Data are mean values ± SD of at least three independent preparations. Significant differences are indicated (Tukey HSD: *P 0.05; **P 0.005; and ***P 0.0001; for further details, see supplementary table 3, Supplementary Material online). nd: not detected.
1846 Weil et al. b-glucosidase as a component of an egg-recognition pheromone that is produced by termites, termite eggs, and as a mimicry by the Cuckoo fungus (Matsuura et al. 2009 ) suggesting a pheromonal function of Neofem2.
Neofem3, a vitellogenin, showed similar differential expression levels between female neotenics and workers in both species, but the expression differed for male neotenics: In C. cynocephalus, it was less expressed in male than female neotenics, whereas in C. secundus, expression levels did not differ between neotenics of both gender (see fig. 2 ). Vitellogenins are known to be important developmental regulators in all social insects that fulfill different functions in different castes (Wheeler 1996; Amdam et al. 2003; Scharf et al. 2005; Nelson et al. 2007) . Although male sexuals of holo-and hemimetaboulus insects can express vitellogenins (Piulachs et al. 2003) , the lack of sex specificity of the Neofem3 transcript in C. secundus is interesting. The reason for the different expression of Neofem3 in male neotenics of C. cynocephalus and C. secundus remains unclear but may be related to differences in adult nutrition, life expectancy, or behavioral maturation Münch et al. 2008) between males of both species. Neofem Genes Upregulated in Female Neotenics of Either C. cynocephalus or C. secundus Interestingly, the majority of homologous genes that were identified in our study were only significantly overexpressed in queens of one species (Neofem4-11). The regulation of these genes has not been conserved during evolution, and they might reflect differences in social life within C. cynocephalus and C. secundus such as the different mode of replacing a reproductive. However, at the moment, we do not know the causes for these speciesspecific differences and any speculation would be farfetched. Sequence homologies indicate that these genes are likely involved in various biological processes including metabolism (Neofem4 and 9), immune response (Neofem4 and 7) transport (Neofem11-14), and transcription (Neofem15 and 16). Most Neofem genes were specifically upregulated in neotenics of C. cynocephalus.
In particular, Neofem7, a serine protease inhibitor (serpin) homolog, and Neofem8, a close homolog of the follicle cell protein 3C (Fcp3C) of Drosophila melanogaster are significantly upregulated in female neotenics of C. cynocephalus. Serpins are discussed to be involved in innate immunity of insects (Kanost 1999; Zou et al. 2006 Zou et al. , 2007 . In a recent study on differential gene expression between queens and workers in the black garden ant Lasius niger, the serine protease inhibitor homolog Ln252_3 was found to be overexpressed in queens. Here, the authors argue that queens might invest more into their immune defense than workers (Gräff et al. 2007 ). In the context of the two dry wood termites, this explanation appears unlikely as all workers can become reproductives.
Sequence comparison of Neofem9 revealed homologies to arthropod's histone 2A (H2A). Histones were previously described to be differentially expressed between queens and workers in social Hymenoptera (Barchuk et al. 2007; Gräff et al. 2007 ). The overexpression of H2A in queens could reflect a higher rate of cell division in reproducing castes.
The genes Neofem11-13 all show homologies to channel proteins. Neofem13 encodes a homolog of the neurogenic gene Big Brain that is known to be involved in cell fate determination of ectodermal cell during Drosophila neurogenesis (Rao et al. 1990 (Rao et al. , 1992 Doherty et al. 1997) . Big Brain is also expressed in oocytes and is discussed to play a role in the follicle cell morphogenesis (Larkin et al. 1996; Dobens and Raftery 2000; Yanochko and Yool 2002) . Furthermore, gene expression analysis during the life cycle of D. melanogaster revealed that Big Brain expression is higher in adult females as compared with males (Arbeitman et al. 2002) . The same study also demonstrated a higher expression of CG3472 in adult females (Arbeitman et al. 2002) , which is a homolog of the Neofem14 gene.
The gene Neofem4, a family4 cytochrome P450 homolog, was only differentially expressed in C. secundus (Weil et al. 2007) , whereas the expression of its homolog in C. cynocephalus was similar in neotenics and workers. Neofem4 is a homolog of a Reticulitermes flavipes CYP4, which is suggested to likely play a role in presoldier differentiation Zhou, Song, et al. 2006) . In general, Insect cytochrome P450s of the CYP4 family are described to play a role in the metabolism of xenobiotics, pheromones, or odorants (Feyereisen 2006) .
A similar expression pattern was also observed for Neofem6, which is related to antennal expressed genes of mosquitoes that are homologs of the D. melanogaster protein takeout. Proteins of this family were previously described for social insects, including termites Hagai et al. 2007 ). Takeout-like proteins have been suggested to be involved in the regulation of feeding, courtship, and mating behavior by regulating the antennal response to pheromones, host, or food So et al. 2000; Dauwalder et al. 2002; Justice et al. 2003; Bohbot and Vogt 2005) .
Conclusion
The differential screening and subsequent comparative expression analyses revealed that two termite species of the same genus are rather dissimilar in the genes that are differentially expressed between queens and workers. This intriguing finding might reflect differences in ecology and behavior between the two species like the different modes of replacing an absent reproductive. Only two genes, a putative esterase-lipase (Neofem1) and a b-glycosidase homolog (Neofem2) are highly overexpressed in queens of wood-dwelling, lower termites, suggesting an important functional role for both genes in female reproductives. The identification of genes that are differentially expressed between castes provides a first step toward doing more sophisticated analyses of caste specific gene expression in the future.
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